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Laura E. Wagner 
 
THE IMPACT OF STORM CHARACTERISTICS AND LAND USE ON NUTRIENT 
EXPORT IN TWO GLACIATED WATERSHEDS IN CENTRAL INDIANA, USA 
 
This study investigated nutrient export during three spring storm events in two 
different land use watersheds (agricultural and mixed land use) in a glacial till landscape 
of the Midwestern, USA.  The objectives of the study were: (1) to determine how land 
use affects water, nitrate, soluble reactive phosphorus (SRP) and dissolved organic 
carbon (DOC) delivery (timing, amount) to streams during spring storms in two central 
Indiana watersheds with contrasting land use; and (2) to determine nitrate, SRP and DOC 
flow pathways to streams during spring storms.  High frequency stream sampling of 
nutrients and cations, coupled with hydrograph separations using δ18O, was used to 
identify water flow pathways and event and pre-event water contributions to the streams.  
Data indicate land use and storm characteristics play a role in the export of water and 
nutrients.  In the agricultural watershed (Watershed A), the storm hydrograph is 
dominated by pre-event water, whereas the mixed land use watershed (Watershed M) 
storm hydrograph is more event water dominated.  Watershed A also contains higher 
nutrient concentrations, especially nitrate.  High bulk precipitation and greater maximum 
intensity export more nitrate, SRP, and DOC to the streams.  Results also indicate nitrate, 
DOC, and SRP concentrations display distinct temporal patterns during spring storm 
events.  DOC concentration increased with stormflow and peaked on the rising limb/with 
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maximum discharge regardless of land use or storm event.  In Watershed A, SRP 
concentration followed a similar pattern to DOC during small storms; therefore they are 
believed to be exported together with flushing of saturated near-surface soil waters via 
macropores/overland flow.  However, SRP likely has multiple flowpaths, one dominated 
over another depending on the storm.  Nitrate concentrations matched Ca2+, Mg2+, and 
Na+ trajectories and decreased with stormflow, suggesting a tile drain/subsurface 
flowpath.  Nitrate and SRP peak concentrations are delayed relative to DOC in 
Watershed M.  The wet retention ponds in the headwaters are believed to delay the 
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Introduction    
Exports of nitrate, soluble reactive phosphorus (SRP), and dissolved organic 
carbon (DOC) from Midwestern states have been identified as causes of many water 
quality problems both locally and nationally (e.g., eutrophication and hypoxia in the Gulf 
of Mexico, Goolsby, 2000; Martin et al., 1999).  Many studies have therefore focused on 
the processes controlling nitrate, SRP and DOC delivery to streams.  In particular, 
research has shown that flowpaths that dominate during storm events generally determine 
the resulting surface water chemistry during and after the event (Bonell, 1993).  Royer et 
al. (2006) also showed that most nutrient exports typically occur during high flow periods 
or stormflow.  Understanding nutrient export processes during stormflow is therefore 
critical to the development of successful strategies to improve water quality with respect 
to nutrients at the watershed scale (Sidle et al., 2000).  Finally, knowledge of sources and 
flowpaths of water (and nutrients) during a storm event can assist in effective modeling 
of stream discharge and streamwater chemistry (Christopherson et al., 1982). 
Although many studies have investigated the impact of land use on nutrients and 
carbon concentration in streams, there is still much uncertainty on the impact of land use 
on nitrogen, phosphorus and carbon losses in streams at the watershed scale.  For 
instance, Coulter et al. (2004) found that agricultural land uses are generally a greater 
source of nutrients than urban land uses in Northern Kentucky.  In Southern Ontario, Hill 
(1978) showed a positive correlation between nitrate concentration in streams and the 
percentage of the watershed used for agriculture.  To the contrary, in North Carolina, 
Bolstad and Swank (1997) found that there were large consistent increases in nitrate 
concentration during stormflow as building density increased.  In east-central Illinois, 
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Osborne and Wiley (1988) found that urbanization, not agriculture is a major factor 
controlling SRP concentration in streams throughout the year and that urbanization also 
impacts the nitrate concentration, especially during the summer/fall period.  
Many studies have also focused on determining the nitrate, SRP and DOC 
delivery pathways to streams (Baker et al., 2006; Royer et al., 2006; Gentry et al., 2007).   
Preferential flow via macropores has been shown to increase the rate of nitrate transport 
from the surface to subsurface drains and groundwater in agricultural areas (Shaffer et al., 
1979, Smettem et al., 1983, Edwards et al., 1989, Li and Ghodrati, 1994).  Baker et al. 
(2006) found that tile drains and macropores are primary pathways for agricultural-
chemical transport to Leary Weber Ditch (central Indiana) during most storms.  Similarly, 
in an east-central Illinois watershed, Royer et al. (2006) found that artificial drainage was 
the primary mechanism for nitrate export.  For SRP, Royer et al. (2006) found that both 
tile drainage and overland flow contributed to SRP export, while particulate P was 
exported with overland flow.  Also in east-central Illinois, Gentry et al. (2007) found that 
concentrations of SRP and particulate P increased in tiles with discharge, indicating that 
tiles were a source of P to streams.  Finally, research suggests that DOC is mainly 
exported with near-surface soil water (McGlynn and McDonnell, 2003). 
Although research has started to identify the major nitrate, SRP and DOC 
flowpaths to streams, few detailed empirical studies have thoroughly examined nitrate, 
SRP and DOC concentration patterns in stream during storms.  This strongly limits our 
ability to predict/model nitrogen, phosphorus, and carbon concentrations and loads during 
storms.  Studies focusing on nutrient concentration dynamics in streams during storms 
mainly focus on nitrate and DOC and usually take place in mountainous to gently rolling 
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forested landscapes (Creed and Band, 1998; Welsh et al., 2001; McHale et al., 2002; 
Inamdar et al., 2004).  In the forested Dry Creek watershed in the Catskill Mountains of 
New York, Welsh et al. (2001) found that stream nitrate concentrations peaked slightly 
before stream discharge.  In a forested Ontario watershed, Creed and Band (1998) found 
similar results with nitrate concentrations highest on the rising limb of the hydrograph 
and attributed this pattern to the flushing of nitrate that accumulated near/at the soil 
surface.  Other studies in forested watersheds have also found that nitrate peaks on the 
rising limb but attribute this to the displacement of till water by infiltrating precipitation 
(McHale et al., 2002; Inamdar et al., 2004).  For DOC, Hornberger et al. (1994) and 
Boyer et al. (1997) found DOC concentrations higher on the rising limb of the 
hydrograph, suggesting that DOC is flushed from the near-surface soil waters when the 
ground becomes saturated.  Other studies indicate that DOC concentrations peak after the 
discharge peak, and attributed this pattern to DOC being exported via near-surface soil 
runoff and/or overland flow (Inamdar et al., 2004) and/or the displacement of topsoil 
waters to the stream via macropores (Hangen et al., 2001).  In a small urban watershed in 
Oregon, Hook and Yeakley (2005) found an increase in DOC concentrations during 
stormflow and attributed the majority of DOC export during storms to remnant riparian 
areas.  
Research therefore indicates significant variability in the processes controlling 
nitrate and DOC delivery to streams.  Information is still needed on DOC and nitrate 
delivery pathways to streams, especially in artificially drained landscapes of the Midwest 
where detailed empirical studies of nitrate, SRP and DOC delivery to streams are lacking.  
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The objectives of this study are therefore to (1) determine how land use affects water, 
nitrate, SRP and DOC delivery (timing, amount) to streams during spring storms in two 
Midwestern watersheds with contrasting land use (agriculture vs. mixed urban/agriculture 
land use) and (2) determine nitrate, SRP and DOC flow pathways to streams during 
spring storms.  To achieve these objectives, this study investigated nitrate, SRP and DOC 
concentration dynamics in two Midwestern streams in relation to stream hydrology 
(discharge, event/pre-event water, cations, δ18O) and precipitation dynamics (intensity, 
bulk precipitation) in the watersheds studied.  High resolution sampling of three spring 
storm events was conducted in subwatersheds of School Branch Watershed, an 
agricultural watershed (Watershed A) and Irishman’s Run Watershed, a mixed land use 
watershed (Watershed M) in central Indiana (Figure 1).  Spring events were chosen 
because the majority of nutrient delivery occurs in the spring (Royer et al., 2006) and 
nitrate, SRP and DOC were selected for analysis because these compounds are soluble 
and readily biologically available forms of carbon, nitrogen and phosphorus. 
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Materials and Methods 
Site Description 
The two first order watersheds used in this study are School Branch Creek 
watershed (Hendricks County) and Irishman’s Run watershed (Boone County) located in 
central Indiana (Figure 1).  The climate is classified as temperate continental and humid.  
January average temperature is -3 °C, whereas average July temperature is 23 °C (Indiana 
State Climate Office, 2005).  The average annual precipitation ranges from 96 to 102 cm 
(Newman, 1997).  The geology of the study area consists of mostly limestone and shale 
of Silurian to Mississippian age overlain by glacial deposits with till thickness in the 
watersheds ranging from 30 to 60 meters (Gray, 1983).  The soils are poorly drained, 
deep, and nearly level to gently sloping silt loams and silty clay loams (USDA, 1974). 
Study Watershed A (Figure 1) is a 10.9 km2 agricultural subwatershed of School 
Branch Creek watershed, with a stream length of 5.0 km.  The land use is approximately 
85% agricultural (corn-soybean rotation) with small percentages of residential, forest, and 
other land uses (roads, open water) and is heavily tile drained (Appendix A).  The slope 
of this agricultural subwatershed is approximately 0.08%.  A previous assessment study 
determined that 34% of School Branch Creek has 8 meter wide woody buffer (Tedesco et 
al., 2005).  Mean discharge in School Branch Creek over the 5 month sampling period 
was 139 L/s. 
Study Watershed M (Figure 1) is a 6.7 km2 mixed land use subwatershed of 
Irishman’s Run watershed, with a stream length of 4.6 km.  This watershed consists of 
residential neighborhoods (33%), agriculture (corn-soybean rotation) (33%), pasture 
(17%), forest (13%) and other land uses (roads, open water) (3%).  Single-family 
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residential dwellings built in the 1980s to present dominate the development.  New 
construction contains at least three wet retention ponds in multiple developments that 
feed into Irishman’s Run.  The slope of the subwatershed is approximately 0.4% and 57% 
of Irishman’s Run has 8 meter wide woody buffer (Tedesco et al., 2005).  Mean 
discharge in Irishman’s Run over the 5 month sampling period was 147 L/s. 
 
Storm Event Sampling and Analysis 
Three storm events were monitored between April 2006 and June 2006 (Figure 2).  
Precipitation timing and intensity was recorded at 15 minute intervals at each watershed 
by a Vaisala WXT510 Multi-Parameter Transmitter weather station.  In addition, 
graduated rain gages were distributed throughout each watershed (10 in Watershed A; 5 
in Watershed M) to capture variability in bulk precipitation and chemistry (Figure 1).  
Stream stage was recorded at 15-minute intervals using a levelogger (Solinst 3001) at 
each watershed outlet.  A Doppler acoustic velocity meter (Sontek Argonaut-SW) was 
installed in rotation at each watershed to develop the stage-discharge relationship.  Soil 
characteristics were determined using a combination of field observation and USDA soil 
maps.  Piezometer nests at 90 cm and 150 cm were established in each watershed at 
multiple locations.  Twenty were installed in Watershed A (five nests of 90 and 150 cm 
on each side of the stream) and six (three nests) were installed in Watershed M to monitor 
the water table.  All piezometers were installed using a hand auger and constructed of 
1.27 cm diameter PVC with a 20-cm screen length.  Because flow was parallel to the 
water table surface in both watersheds, water level in the piezometers was used as a 
proxy for water table depth before each storm event.  Four ISCO brand portable 
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autosamplers (models 6712, 2900 and 2700) were deployed (two at the outlet of each 
watershed) to collect high resolution stream samples during the events.  One sampler per 
watershed contained bottles with 8 ml of 11N sulfuric acid to preserve the DOC and SRP 
samples.  Before the start of each event, rain gages were deployed and water table 
measurements were taken using a water level meter.  Field blanks (Milli-Q water) were 
collected to insure the integrity of field sampling methods.  ISCO samplers were 
triggered manually and samples were taken every two hours on the rising limb of the 
hydrograph and every four hours on the falling limb.  To capture more of the variability 
in nutrient concentrations during the storm, each stream sample is a composite of 4 sub-
samples taken every 30 to 60 minutes.  Approximately 40, 45, and 70 stream water 
samples were collected in each watershed for Storm 1, Storm 2, and Storm 3, 
respectively. 
All water samples (stream water and precipitation) were filtered using Whatman 
GF/F 0.7 µm filters.  Selected anion and cation concentrations (NO3-, PO42-, Ca2+, K+, 
Mg2+, and Na+), DOC, and δ18O were analyzed.  Triplicate analyses of 10% of all 
samples and check standards analyzed every 10 samples were performed to assess 
measurement error.  Nitrate and SRP concentrations were determined using a Konelab 20 
Photometric Analyzer (EST Analytical) using the Hydrazine Reduction method (EPA 
Method 353.1) and the ascorbic acid method (EPA method 365.2), respectively (Clesceri 
et al., 1998).  Major cation concentrations were determined using a Dionex DX500 Ion 
Chromatograph with a CS15 column and an 11N sulfuric acid eluent.  Five ml aliquots of 
all samples were analyzed for δ18O using equilibration with CO2 followed by headspace 
13CO2 analysis.  DOC samples were analyzed using a persulfate oxidation to CO2 and an 
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OI Analytical DOC/DIC analyzer interfaced to IRMS.  Error analysis for all parameters is 
located in Table 1.  
 
Hydrograph Separation 
 A simple mixing model based on δ18O was used to separate event (direct 
precipitation/overland flow/preferential flow via macropores) from pre-event water 
(stored in the watershed prior to the storm event) in the streams during the storms studied.  
This method involves two major assumptions.  (1) Stormflow consists of two water types, 
event and pre-event water, both having different isotopic signatures (Sklash, 1990; Hill 
and Waddington, 1993).  This assumption was tested by performing student t-tests on the 
pre-event and event water to determine if they were statistically different in their isotopic 
signature (p<0.05).  (2) Soil water storage, vadose water, and other surface water storage 
contributions have similar isotopic signatures to groundwater or their contributions are 
insignificant during storm events (Sklash, 1990; Hill and Waddington, 1993).  This 
assumption was addressed by using stream baseflow as the pre-event component because 
it integrates water from all upstream potential sources before the storm (Sklash, 1990).  
Two conservation of mass equations can be used to solve for the event and pre-event 
contributions in the stream during storms (Q = discharge, C = concentration of δ18O, p = 
pre-event, e = event, st = stream) (Sklash, 1990; Brown et al., 1999): 
 
Qst = Qp + Qe   (1) 
CstQst = CpQp + CeQe   (2) 
 
The relative contributions of event and pre-event water were calculated for each stream 
sample.  The event water component is the average δ18O for the rain gages in each 
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watershed for each storm event.  The pre-event water component is the average δ18O of 
stream baseflow four hours before the storm event.   
 
Cation Data Analysis 
Major cation concentration patterns during storm events were used to support the 
hydrograph separation findings.  Many studies have used cations as groundwater tracers 
because of the significant difference in cation concentrations in groundwater compared to 
other potential water sources to the stream (Reid et al., 1981; Elwood and Turner, 1989; 





 Three 2006 spring events were monitored in early May (Storm 1), late May 
(Storm 2), and June (Storm 3) (Figure 2).  The months of April and May 2006 were 
average precipitation months (±0.5%); June was above average (+36%), according to the 
NOAA 1971-2000 monthly climate averages (NOAA, 2002).  Bulk precipitation for the 
three events studied ranged from 2.7 to 8.0 cm (Table 2).  Average intensities ranged 
from 0.5 to 3.0 cm/hr and maximum intensities from 1.8 to 6.2 cm/hr (Table 2).  In both 
watersheds, the event of greatest precipitation, maximum intensity, and 7-day antecedent 
precipitation began on June 22 and continued through June 30, with three different 
precipitation pulses.   
 Both watersheds reacted quickly to the onset of precipitation (Figure 2), baseflow 
to peak discharge times ranged from 4.5 to 7 hours in Watershed A and 2 to 5 hours in 
Watershed M.  Peak discharge and pre-event discharge values are located in Figures 3, 4, 
5, 6, 7, and 8.  The largest of the storms studied (largest peak discharge) was Storm 3, 
(pulse 1 for Watershed A; pulse 3 for Watershed M) producing a maximum discharge of 
2900 L/s in both watersheds (Figures 5, 8).  Storms 1 and 2 produced significantly 
smaller peak discharges in both watersheds (Figures 3, 4, 6, 7). 
 
Hydrograph Separation 
δ18O ranged from -6.22 to -3.50 ‰ in precipitation (“event water”) and -7.72 to -
5.80 ‰ in stream baseflow (“pre-event water”) (Table 3).  Before performing the 
hydrograph separation, student’s t-tests confirmed that δ18O for the event and pre-event 
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components for each storm event in each watershed were statistically different (<0.05).   
The average and maximum event and pre-event water contributions for all three storms in 
Watershed A and M are given in Table 4; event and pre-event contributions are given 
graphically in Figure 9.  
Watershed M has a higher maximum percentage of event water during all three 
events than Watershed A (Table 4).  Generally pre-event water contributed more than 
50% to stream discharge; however, pre-event water contributions reached their minimum 
during the Storm 3 event; 48% in Watershed A (Figure 5) and 4% in Watershed M 
(Figure 8).  Storm 1 in Watershed M produced larger percentages of average event and 
maximum event water contributions than Watershed A (Table 4).  Both watersheds had 
similar average contributions of pre-event (77%) and event water (23%) during Storm 2 
(Table 4).   
Pre-event and event water contributions were most affected by antecedent 
precipitation, bulk precipitation and maximum intensity of the storm events in Watershed 
A.  Event water contributions were positively correlated with antecedent precipitation 
(r2=0.85), bulk precipitation (r2=0.97), and maximum intensity (r2=0.96); pre-event water 
contributions were negatively correlated (r2= -0.85; -0.97; -0.96 respectively).  The 
relationship was less clear in Watershed M where bulk precipitation was negatively 
correlated with maximum event water contribution (r2= -0.99). 
 
Cation Concentrations and Dynamics  
Major cation concentrations measured in precipitation and baseflow are presented 
in Table 5.  Major cations Ca2+, Mg2+, and Na+ have higher concentrations in baseflow 
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than precipitation in both watersheds (Table 5).  Baseflow Ca2+ and K+ concentrations 
vary between storms, however, baseflow Mg2+ does not vary between watersheds or 
storms.  In addition, baseflow Na+ concentrations are significantly higher in Watershed M 
than Watershed A (Table 5).  Precipitation Ca2+, Mg2+, and Na+ concentrations are below 
the detection limit during all storms in both watersheds.  K+ concentrations are similar in 
both precipitation and baseflow in both watersheds.  Figure 10 shows typical behavior of 
major cations during a storm event.  Ca2+, Mg2+, and Na+ drop significantly in 
concentration at the beginning of stormflow, while K+ increases with stormflow.  
 
Nutrient Concentrations 
Pre-storm (before the increase in discharge), during, and post-storm (after the 
discharge reached pre-storm level) nitrate concentrations varied with land use (Figure 
11).  Nitrate concentrations were larger (5x-38x) in Watershed A than in Watershed M 
for all three storm events (p<0.001).  Watershed A had average nitrate concentrations 
ranging from 3.69 to 5.74 mg/L during the storm events, and a maximum concentration 
of 14.33 mg/L.  In contrast, Watershed M had average nitrate concentrations during the 
storm events of 0.44 to 1.23 mg/L and a maximum concentration of 3.45 mg/L.  While 
clear differences in nitrate concentration are seen between watersheds, there is no clear 
pattern of nitrate evolution during storm events.  Nitrate concentrations exhibit little 
change or decrease during and after the storms in Watershed A, whereas they exhibit 
little change or a very slight increase during the storm in Watershed M.  SRP 
concentrations are low and show little variability.  On average, DOC concentrations were 
higher during the storm event than pre- or post-storm concentrations for both watersheds.  
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Nutrient Dynamics 
DOC increased with stormflow during storm events in both Watershed A and M 
(Figures 3, 4, 5, 6, 7, 8).  DOC concentrations were consistently higher on the recession 
limb than the rising limb of the hydrograph in both watersheds; however, the 
concentration dropped faster in Watershed M than Watershed A.  
Watershed A Storm 3 pulse 1 (Figure 5) displays a clear nitrate response.  There 
is a dilution of nitrate (concentration decreases) as discharge increases.  For Storms 1, 2 
and 3 (pulses 2 and 3) (Figures 3, 4, 5), the variations observed during the storm are 
within the range of variation observed before and after the storm.  For Watershed M, 
Storms 1 and 3 (pulse 1) display a delayed peak in nitrate (Figures 6, 8).  There is no 
clear nitrate response for Storm 2 or Storm 3 (pulse 2, 3) (Figure 7, 8).  
SRP increased with stormflow in Watershed A for Storms 1 and 2 (Figure 3, 4).  
Watershed A Storm 3 pulses 1 and 3 exhibited slightly delayed increases relative to 
discharge and DOC (Figure 5).  Watershed M Storm 2 (Figure 7) also exhibited an 
increase in SRP concentration with stormflow, however, the SRP peak was delayed 
relative to discharge.  For Storms 1 and 3 in Watershed M, no clear patterns were 
observed as SRP variations were within the range of variation observed before and after 
the storm (Figures 6, 8).  
The relative timing of DOC, nitrate, and SRP varies between storms and 
watershed.  In general, DOC and SRP increase together with stormflow in Watershed A 
and during Storm 2 in Watershed M (Figures 3, 4, 5, 7); however, in Watershed M the 
SRP peak is delayed with respect to the DOC and discharge peaks (Figure 7).  In 
Watershed A Storm 3 pulse 1 (Figure 5), nitrate slowly decreases as DOC and SRP 
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increase.  In Watershed M, nitrate increases after DOC during Storm 1 and Storm 3 pulse 
1 (Figures 6, 8). 
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Discussion  
1) How do storm characteristics and land use affect water, nitrate, DOC, and SRP 
delivery to streams during spring storms?  
Both storm characteristics and land use affect water delivery to the streams.  In 
general, discharge from Watershed A contains mostly pre-event water during the storm 
events (Table 4).  In Watershed A, average event water contributions to the stream ranged 
from 11 to 33%, and maximum event water contributions were between 32 and 61%.   
These results are consistent with tile drain-dominated systems.  Stone and Wilson (2006) 
found that preferential flow, a major source of event water to tile drains, contributed 11 
and 15% of total tile drain flow and 40 and 81% of peak flows for two storm 
hydrographs.   
Whereas positive correlations are seen between event water and high antecedent 
precipitation, bulk precipitation and maximum intensity in Watershed A, such 
relationships are not observed in watershed M, where bulk precipitation is negatively 
correlated with event water.  This implies that there is a more complex export of event 
water during storms in Watershed M.  Wet retention ponds store runoff water until it is 
displaced by runoff from the subsequent storm (EPA, 1999).  Watershed M could be 
releasing significant amounts of pre-event water from the retention ponds to the stream 
during events, causing the negative correlation between bulk precipitation and event 
water.  
Watershed M has higher maximum event water than Watershed A in every storm 
(Table 4).  In addition, Storm 1 in Watershed M had larger average event water 
contribution (Table 4).  When comparing the maximum specific discharge in both 
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watersheds, Watershed M has larger cumulative specific discharge for all three storm 
events (11.5, 24.4, 31.0 mm) than Watershed A (4.0, 9.4, 30.0 mm).  When the specific 
discharge was expressed as a % of bulk precipitation for each storm event, Watershed M 
had higher percentages with the exception of storm 3 (43%, 72%, 39% vs. 14%, 26%, 
52% respectively).  This implies that when taking into account the difference in amount 
of precipitation and the size of each watershed, more water reaches the stream in 
Watershed M during each of the events studied.  This may explain the higher amount of 
event contributions during Storm 1 in Watershed M (a mixed land use watershed), which 
produces a higher water yield and specific discharge than Watershed A (an agricultural 
land use watershed).  This is consistent with literature regarding the effects of 
urbanization on watershed hydrology (Anderson, 1968; Leopold, 1968; Hammer, 1972; 
Hollis, 1975).  In summary, a difference in hydrology is seen between the two watersheds 
during storm events; the agricultural watershed (Watershed A) is pre-event water 
dominated, whereas the mixed land use watershed (Watershed M) is more event water 
dominated. 
In addition to hydrology, land use can affect nutrient concentrations.  Nitrate, 
SRP, and DOC concentrations were statistically higher in Watershed A than Watershed 
M (p<0.01).  Coulter et al. (2004) found higher mean nitrate and mean SRP 
concentrations in an agricultural watershed than mixed or urban watersheds.  Their data 
support results from this study in an agriculturally dominated watershed (Watershed A) 
and a mixed land use watershed (Watershed M).  Storm characteristics can also affect 
nutrient export.  The highest nitrate, DOC, and SRP concentrations were observed during 
Storm 3.  Storm 3 had the highest bulk precipitation and greatest maximum intensity of 
 16 
the storms, and therefore the greatest discharge.  It is well known that most nutrient 
export occurs during high flow periods (Baker et al., 2006; Royer et al., 2006). 
Results also suggest that storm characteristics affect nitrate export.  Storm 1 and 2 
are smaller storms and a clear concentration increase/decrease is not seen in Watershed 
A.  Storm 3 pulse 1 in Watershed A has the largest increase in discharge and a clear 
nitrate dilution was followed by an small increase, implying a threshold for nitrate 
dilution in Watershed A.  Variability in nitrate behavior has been observed in other 
studies.  In the Adirondack Mountains of New York, McHale et al. (2002) found that 
nitrate peaked before the peak discharge during one storm (nitrate flushing) and after 
discharge during another storm.  Vanni et al. (2001) found that in agricultural watersheds 
in Ohio, some storms produced a decrease in nitrate during stormflow and other storms 
exhibited an increase in nitrate with stormflow.  In Watershed M, a clear dilution in 
nitrate is not seen.  During Storm 1, a delayed increase in nitrate is seen.  In Storm 3, a 
slightly delayed peak in nitrate during pulse 1 is seen and no clear reaction is seen with 
pulse 2 or 3.  This could be due to a memory effect, where most of the nitrate is flushed 
with the first pulse. 
DOC and SRP are also affected by storm characteristics and land use.  During the 
smallest storm (Storm 1) in Watershed A, there is a small increase in DOC concentration.   
Royer and David (2005) found that the amount of DOC exported is influenced by 
precipitation.  Storms 2 and 3 in Watershed A and Storms 1, 2, and 3 in Watershed M all 
exhibit clear increases in DOC.  The timing of the peak in DOC on the storm hydrograph 
is not affected by land use, but DOC concentration remains high in Watershed A and 
drops faster in Watershed M.  SRP increased with DOC in Watershed A; however, in 
 17 
Watershed M, SRP is delayed relative to DOC and is much more variable during 
baseflow.    
Major cation concentration fluctuations are consistent in most storms in both 
watersheds (Figure 10).  Mg2+, Na+, and Ca2+ to a lesser extent, show a dilution trend, 
documented in many studies (Reid et al., 1981; Elwood and Turner, 1989; Kahl et al., 
1992; Hill, 1993; Inamdar et al., 2004).  K+, however, increases with stormflow.     
Data therefore indicate that land use and storm characteristics do play a role in 
both the export of water and nutrients in the study watersheds.  In the case of Watershed 
M, there is more export of event water and the export of water is more complicated 
possibly due to complex land use and water management strategies.  Watershed A is a 
tile-dominated, agricultural watershed, and contains higher nutrient concentrations, 
especially nitrate, than Watershed M.  High bulk precipitation and greater maximum 
intensity can export more DOC, nitrate, and SRP to the streams.  During most events, 
Mg2+, Ca2+, and Na+ decrease with stormflow, except K+ which increases with stormflow.  
 
2) Can nutrient specific flow paths to the streams be identified during the storms studied? 
Do they vary with land use? 
Results suggest DOC is exported with overland flow/flushing of saturated near-
surface soil waters via macropores, which is consistent with the findings of Boyer et al. 
(1997).  DOC concentration increases with precipitation/stormflow (Figure 3, 4, 5, 6, 7, 
8) and DOC concentrations during the storm are well correlated (positively) with 
discharge (Table 6a).  In addition, DOC concentrations follow K+ concentration patterns 
(Figure 10); therefore they have very similar export pathways.  DOC concentration 
 18 
decreases with depth in the soil profile as the amount of organic matter from plants 
decreases (McDowell and Wood, 1984; Thurman, 1985), therefore DOC concentrations 
are low in groundwater (Thurman, 1985).  Results suggest that DOC is exported quickly 
from the landscape and high concentrations are associated with near-surface soils, 
therefore DOC sources to the stream can be inferred to be a result of flushing of near-
surface soil water via macropores/overland flow.  
Results suggest a tile drain/subsurface flow pathway for nitrate.  In Watershed A, 
nitrate clearly follows Mg2+, Ca2+, and Na+ patterns (Figure 10) in the storm hydrographs.  
These parallel trends imply they are exported via similar pathways/processes.  Mg2+, 
Ca2+, and Na+ have larger concentrations in baseflow (mostly groundwater) than 
precipitation (Table 5), indicating pre-event water association.  They consistently drop in 
concentration at the onset of precipitation with nitrate, suggesting the introduction of 
higher event water contributions.  In addition, during Storm 3 pulse 1, nitrate is diluted 
when event water contribution is the highest, also indicating a pre-event water 
association.  These results are supported by Royer et al. (2006) who found that artificial 
drainage was the primary mechanism for nitrate export in an east-central Illinois 
watershed.  In addition, Baker et al. (2006) found the highest concentration of nitrate in 
the tile drains. 
In Watershed A, results suggest that SRP is exported with DOC in Storms 1 and 
2, but a different flowpath is dominating SRP export during Storm 3.  Similar to the east-
central Illinois results of Gentry et al. (2007), the majority of the storms in Watershed A 
produced an increase in SRP concentration with stormflow.  In Watershed A, Storms 1 
and 2 produced an increase of SRP with increasing stormflow and SRP peaked with the 
 19 
DOC peak in concentration, implying they have the same flowpath, flushing of saturated 
near-surface soil water via macropores/overland flow (Figures 3, 4).  In addition, SRP 
and DOC concentrations during the storm have strong positive correlations (Table 6b).  
However, SRP in pulse 1 of Storm 3 in Watershed A is slightly delayed relative to DOC, 
suggesting a slightly longer flowpath.  It is likely SRP is exported with multiple 
flowpaths, one dominating over another depending on the storm event.  Gentry et al. 
(2007) suggests that SRP export is complex and is affected by storm characteristics.   
While SRP has a clear flushing of near-surface soil waters via 
macropores/overland flow pathway in Watershed A, Watershed M exhibits no clear 
pattern, especially for Storms 1 and 3 (Figures 6, 8).  This suggests a more complex 
export of SRP due to the various land uses in the watershed.  Storm 2 in Watershed M 
exhibited an increase of SRP with stormflow, with the peak in SRP delayed relative to 
DOC (Figure 7).  Sonoda et al. (2002) found that in urban areas, groundwater influence 
was not the only control on streamwater SRP, indicating that surface water sources were 
likely also responsible.  In this case, wet retention ponds likely affect the headwaters of 
watershed M.  These ponds could be releasing water and nutrients slowly during the 
event.  The results of this study support this conclusion and warrant further research of 
SRP export during storm events. 
Whereas Watershed A exhibits no clear change in concentration or a dilution in 
concentration, Watershed M exhibits a delayed increase in nitrate concentration (Figures 
6, 8).  It is hypothesized that the delayed slow release of nutrients in Watershed M are 
due to the release of water from the wet retention ponds.  Residential ponds are generally 
designed to release water when there is approximately 2.5 cm or more precipitation in 24 
 20 
hours (J. Hoffman, personal communication, June 11, 2007), which could explain the 
delayed nitrate peak in watershed M for Storm 1 and 3.  In addition, unlike Watershed A, 
Watershed M nitrate increases are associated with higher contributions of event water to 
the stream, especially Storm 1 (Figure 6). 
Overall, data indicate that DOC is likely exported with flushing of saturated near-
surface soil waters via macropores/overland flow regardless of land use or storm 
characteristics in the watersheds studied.  In Watershed A, data indicate that tile drain 
flow/subsurface flow is likely the main source of nitrate to the stream; however, in 
Watershed M, retention ponds also appear to affect nitrate delivery to streams by 
delaying the peak of nitrate for large (> 2.5 cm) storm events.  More research is necessary 
on the process controlling SRP delivery to streams.  Data indicate that SRP is likely 
exported with multiple flowpaths, one dominating over another depending on the storm 
in Watershed A; however, in Watershed M, data indicate that the ponds likely have an 
effect on SRP export.  
In some cases, results of this study are similar to other landscapes.  For instance, 
DOC pathways across land uses tend to be very similar.  In forested landscapes, 
Hornberger et al. (1994), Boyer et al. (1997), and McGlynn and McDonnell (2003) agree 
that DOC is exported with near-surface soil waters.  On the other hand, nitrate results do 
not agree; most forested studies found that nitrate is exported with till water (McHale et 
al., 2002; Inamdar et al., 2004).  In the tile-drained landscape of central Indiana, results 
suggest nitrate is exported in tile drains.  Even in similar landscapes, SRP export pathway 
is not consistent.  Similar to the results of this study, Royer et al. (2006) states that SRP is 
believed to be exported with both tile drainage and overland flow in Illinois. 
 21 
3) Proposed Mechanisms for Nutrient Export  
Watershed A 
1. Rain saturates the ground surface and flushes near-surface soil water via 
macropores.  This flushes DOC-rich waters (and nitrate-poor waters) to the 
stream, creating the sharp increase in DOC concentration (and for small storms, 
SRP).  
2. As the storm continues, event water is exported through the macropores to the tile 
drains, bringing low nitrate concentration precipitation water and diluting the 
nitrate-rich tile drain water.  
3.   As the storm recedes, the event water contributions decrease and the nitrate 
concentration gradually increases with the increasing contributions of shallow 
groundwater/tile drain water to the stream. 
 
Watershed M 
Watershed M has more complicated land use and water management strategies, 
making it difficult to pinpoint the nutrient export pathways.  More research is needed to 
address this issue.  However, the DOC export pathway is clearly the same as Watershed 
A; flushing of saturated near-surface soil waters via macropores to the stream/overland 
flow.  Nitrate and SRP have a longer flowpath in this watershed, and their export is 
believed to be affected by the retention ponds. 
 22 
Conclusion 
This detailed storm hydrograph sampling study contributes to the broader 
understanding of nutrient delivery to streams in a variety of land uses and landscapes.   
Nitrate, SRP, and DOC export pathways were investigated during spring storm events in 
central Indiana.  Results show that nitrate, DOC, and SRP have different in-stream 
concentration patterns during storm events.  The solute patterns vary with land use and 
storm characteristics.  DOC concentration increases with discharge and peaks with event 
water, implying a flushing of saturated near-surface soil waters via macropoes/overland 
flow export flowpath regardless of land use or storm characteristics.  The temporal 
pattern of nitrate and Ca2+, Mg2+, and Na+ suggests a tile drain/subsurface flowpath for 
nitrate in Watershed A.  In general, SRP concentration increases with DOC and both peak 
together, implying they have the same flowpath, flushing of saturated near-surface soil 
waters via macropores/overland flow in the case of smaller storms.  However, SRP likely 
has multiple flowpaths, one dominated over another depending on the storm.  Nitrate and 
SRP patterns are not as clear in Watershed M; in most cases they are delayed relative to 
DOC and discharge.  The wet retention ponds in the headwaters are believed to be the 
cause of this delay.  Data therefore suggest that much uncertainty remains on SRP export 
pathways to streams, especially in mixed land use watersheds where delivery pathways 
are affected by agricultural, forested and urban land uses.  It is important to determine 
nutrient export pathways in a variety of landscapes to improve management strategies 























































































































































































































































































































































































































































































































































































































































































































































































































Table 4: Event and Pre-event Contributions for Storm Events 
Expressed as a % of Total Discharge.  
               
Watershed A
Storm
1 11.2 88.8 31.5 97.4
2 23.4 76.6 34.2 99.4
3 32.9 67.1 60.5 88.4
Watershed M
Storm
1 44.0 56.0 77.4 99.1
2 23.3 76.7 47.6 95.4
3 22.8 77.2 95.5 96.7























































































































































































































































































































































































































































































































































































































































































 Table 6a: Correlation between Nutrient Concentrations and Discharge during Storms. 
Watershed A
Storm R2 N R2 N R2 N
1 0.963 7 0.995 7 0.792 7
2 0.909 24 0.993 24 0.701 24
3 0.771 37 0.995 37 0.719 37
Watershed M
Storm R2 N R2 N R2 N
1 0.447 39 0.995 38 0.469 39
2 0.706 24 0.990 24 0.809 24






























































































































 30 L/s 
355 L/s 
Figure 3: Watershed A Storm 1 hydrograph separation and dissolved 
organic carbon, nitrate, and soluble reactive phosphorus concentrations 
(area under dotted line=pre-event water contribution; area above dotted 












 35 L/s 
1200 L/s 
 Figure 4: Watershed A Storm 2 hydrograph separation and dissolved 
organic carbon, nitrate, and soluble reactive phosphorus concentrations 
(area under dotted line=pre-event water contribution; area above dotted 



























 Figure 5: Watershed A Storm 3 hydrograph separation and dissolved organic
carbon, nitrate, and soluble reactive phosphorus concentrations (area under 
dotted line=pre-event water contribution; area above dotted line=event water
contribution; shaded areas=pre and post-storm). 34 


















 Figure 6: Watershed M Storm 1 hydrograph separation and dissolved 
organic carbon, nitrate, and soluble reactive phosphorus concentrations 
(area under dotted line=pre-event water contribution; area above dotted
line=event water contribution; shaded area=pre-storm). 35 
 1800 L/s 
100 L/s 
 Figure 7: Watershed M Storm 2 hydrograph separation and dissolved 
organic carbon, nitrate, and soluble reactive phosphorus concentrations 
(area under dotted line=pre-event water contribution; area above dotted 





















Figure 8: Watershed M Storm 3 hydrograph separation and dissolved 
organic carbon, nitrate, and soluble reactive phosphorus concentrations 
(area under dotted line=pre-event water contribution; area above dotted 






Figure 9: Hydrograph separations using δ18O for storm events in Watershed A and 



































Figure 11: Box plots of pre-, during, and post-storm event nitrate, dissolved 
organic carbon, and soluble reactive phosphorus concentrations for Storms 1, 
































Appendix A (continued).  Map of riparian buffer in Watershed A and M (adapted from 



























Appendix B.  Storms sampled in Watershed A and M (1, 2, 3, 4, 5, 6 











































































































 Appendix D.  Hydrograph separation for Watershed A and M 





 Appendix D (continued).  Hydrograph separation for Watershed A and M 






 Appendix D (continued).  Hydrograph separation for Watershed A and M 







 Appendix D (continued).  Hydrograph separation for Watershed A and M 






 Appendix D (continued).  Hydrograph separation for Watershed A and M 







 Appendix D (continued).  Hydrograph separation for Watershed A and M 





 Appendix E.  Hydrograph separation and nutrients for Watershed A 















 Appendix E (continued).  Hydrograph separation and nutrients for Watershed A 










































































































           








Other (roads, open water,
grass (non-residential))


































Piezometers nest 1 554921 4415013 560713 4421254
nest 2 554879 4414953 560705 4421262
nest 3 554860 4414899 560705 4421263
nest 4 554833 4414851
nest 5 554779 4414778
nest 6 554909 4414900
nest 7 554880 4414843
nest 8 554848 4414775
nest 9 554809 4414690
nest 10 554789 4414646
Rain gages RG1 554860 4414899 560713 4421254
RG2 554921 4415013 560986 4422552
RG3 554880 4414843 560419 4423338
RG4 555041 4415225 560112 4424071






Weather Station 555000 4415189 554559 4414234


















































































































































































































































































































































































 Appendix I.  Storm descriptions for Watershed A and M, Storms 1 through 








Appendix J.  δ18O box plots for stream baseflow and precipitation for Watersheds A 















































































































































































































































































































































































































































Appendix K.  Correlation between storm characteristics and event and pre-event 
water contributions for Storms 1 through 6, Watersheds A and M. 
 77 
 
Nitrate (mg/L) DOC (mg/L) SRP (mg/L)
Pre 3.74 5.82 0.13
During 3.15 6.78 0.21
Post 2.85 6.40 0.11
average 3.25 6.33 0.15
Pre 0.38 5.54 0.15
During 0.60 6.37 0.16
Post 0.49 5.30 0.14
average 0.49 5.74 0.15
  Watershed A Storm 1 Storm 2 Storm 3 Storm 4 Storm 5 Storm 6
Pre 3.49 6.81 9.51 1.34 0.42 0.89
During 3.90 6.22 4.40 1.21 0.36 2.82
Post 4.18 2.78 1.58
average 3.69 5.74 5.56 1.38 0.39 1.85
Pre 3.74 4.24 6.35 9.29 5.69 5.62
During 4.55 6.02 8.80 7.92 5.70 7.69
Post 4.99 6.12 8.08
average 4.14 5.08 7.09 8.43 5.69 6.66
Pre 0.09 0.05 0.23 0.15 0.09 0.19
During 0.23 0.15 0.34 0.16 0.18 0.17
Post 0.06 0.13 0.14
average 0.16 0.09 0.23 0.15 0.13 0.18
Watershed M Storm 1 Storm 2 Storm 3 Storm 4 Storm 5 Storm 6
Pre 0.33 1.07 0.76 0.02 0.02 0.07
During 0.55 1.52 1.21 0.05 0.03 0.24
Post 1.09 0.77 0.04 0.04
average 0.44 1.23 0.92 0.04 0.03 0.16
Pre 3.69 5.01 5.85 8.39 4.95 5.37
During 4.63 6.38 6.95 7.73 5.72 6.81
Post 5.28 4.73 6.46 4.73
average 4.16 5.56 5.84 7.53 5.13 6.09
Pre 0.13 0.04 0.22 0.21 0.18 0.11
During 0.07 0.13 0.27 0.16 0.13 0.17
Post 0.15 0.20 0.12 0.08





















 Appendix L.  Pre-, during, and post-storm event nutrient concentrations between 
land uses. Pre-, during, and post-nutrient concentrations between storms in 















































































































































































































































































































Appendix M.  Nutrient hysteresis directions for Storms 1 through 6 in 
Watershed A and M (C=clockwise, CC=counterclockwise). 
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